Objective: Both coronary and endocardial endothelium regulate cardiac contractile function via paracrine pathways. We investigated whether pericardial fluid (PF) and pericardial mesothelial cells (PMC) could exert a similar paracrine action. Methods: Both PF and PMC were extracted from sheep pericardial space. Endothelin-1, prostaglandins and atrial natriuretic factor were measured in PF in vivo. In the other hand, PMC were grown on T-75 flasks and microcarrier beads to investigate endothelin-1, nitric oxide and prostaglandin pathways in vitro. In addition, effects of PF and PMC effluent were tested on adult rat cardiac myocyte contraction in vitro. Results: In vitro, cultured PMC expressed endothelin-1 mRNA but not the endothelial nitric oxide synthase III, and released endothelin-1 and prostaglandins. Both PF and cultured PMC superfusate induced a potent, rapidly reversible decrease in the shortening of isolated rat cardiac myocytes. This effect was not associated with changes in intracellular calcium. In vivo, prostaglandins, atrial natriuretic factor and endothelin were present in PF. A greater concentration of atrial natriuretic factor was present in PF than in serum, suggesting molecular diffusion from the myocardium to PF. Preliminary results show that the instillation of vasoactive agents into the pericardial space of dogs rapidly alter coronary and systemic vascular tone, consistent with a molecular diffusion of these substances from PF into the myocardium and circulation. Conclusions: In addition to its mechanical role, the pericardium may contribute to the integration and the regulation of cardiovascular function via a paracrine mechanism.
Introduction
molecules, such as prostaglandins (PG), atrial natriuretic factor (ANF) and growth factors, produced by normal and The pericardium and pericardial space are considered to diseased hearts [2] [3] [4] . In humans, we observed that the serve a merely mechanical role in regulating cardiovascupotent cardiac growth factor, basic fibroblast growth factor lar function. Pericardial fluid (PF), present in the pericar-(FGF-2), is more concentrated in PF than in plasma [3] . In dial space, serves as a lubricant while the pericardium addition, the concentration of FGF-2 is greater in PF of itself has important properties in constraining the myocarpatients with ischemic heart disease than in patients with dium [1] . PF is an ultrafiltrate of plasma enriched in nonischemic heart disease [2] . Several studies have established that endocardium and coronary vascular endothelium regulate myocardial conwas measured. For the last intervention the 10 ml of HBSS tractile function by the release of cardioactive mediators contained indomethacin. (reviewed in Refs. [5, 6] ). These mediators include nitric
In a second set of experiments, we measured ANF and oxide (NO), endothelin-1 (ET-1), prostanoids and a num-ET-1 concentrations in both PF and plasma. Samples were ber of other as yet nonidentified substances. We hypothtaken simultaneously, before and after infusing saline (30 esized that pericardium, and particularly pericardial ml / kg) and during atrial pacing at 160 / min. During these mesothelial cells (PMC), may affect myocardial function conditions, 10 ml of HBSS was instilled into the pericarby a similar paracrine pathway. Cultured PMC have been dial space. Ten min after each instillation, PF was aspidescribed to release prostanoids [7] , but more importantly rated from the pericardial space and 5 ml of blood was to alter the phenotype and function of ventricular myocytes simultaneously withdrawn from the right atrium. Speci- [8] . In coculture, PMC increased a-myosin heavy chain mens were placed in chilled tubes containing 0.3 M EDTA isoform transcription and altered the contractile properties and stored (2708C) until ANF and ET-1 assays were of isolated cardiac myocytes. The agents involved in this performed as described in Section 2.3. cell-cell cross-talk remain unidentified.
Accordingly, we investigated, in female sheep, whether 2.1.2. Effects of PF on cardiac myocyte contraction (1) the PF contains and (2) cultured PMC release mediAliquots of PF were collected from sheep as follows. ators of cardiovascular function and (3) whether alteration
After opening the chest, the pericardial space was filled of the contents of the pericardial space alters cardiovascuwith 20 ml of 4-(2-hydroxyethyl)-1-piperazine-ethanesullar function fonic acid (HEPES)-buffered saline solution (composition in mM: 137 NaCl, 4.9 KCl, 1.2 MgSO , 1.2 NaH PO , 15 4 2 4 glucose, 1 CaCl and 20 HEPES; pH 7.4; 378C). Five min 2 2. Methods later, PF was withdrawn, corrected for temperature and pH, if necessary, and superfused over cardiac myocytes.
PF
Simultaneous changes in cardiac myocyte contraction and intracellular calcium were monitored as previously de-2.1.1. Bioactive mediators in PF scribed [9, 10] . Briefly, adult Wistar rat ventricular 21 All animals were studied in accordance with institutional myocytes were isolated by low-Ca collagenase retroAnimal Care and Use Committee regulations. Six month grade coronary perfusion and selected for study according old female sheep were anesthetized with ketamine (50 to previously established criteria [11] . Myocyte suspenmg / kg i.m.). Additional doses were given intravenously as sions were placed in a chamber on the stage of an inverted needed to maintain anesthesia. Sheep were intubated and fluorescence microscope (Zeiss IM35), superfused with artificially ventilated with air containing additional oxygen HEPES-buffered saline at 258C and electrically stimulated to maintain PaO .150 mmHg. They were placed on a at 0.5 Hz. Isotonic twitch amplitude of a single myocyte 2 heating pad to maintain rectal temperature at 388C. Fluidwas monitored from a bright-field image of the cell filled catheters were inserted in the right femoral artery and projected onto a photodiode array with a 5 ms scan time. in the right jugular vein to monitor arterial and right atrial
The amplitude of cardiac myocyte shortening5(resting pressures. A femoral venous catheter was used for volume length2length after electrical stimulation) / resting length is loading. Heart rate was measured from a three-lead expressed as % change of resting length. For measurement electrocardiograph. The chest was opened through a meof intracellular calcium, a subgroup of myocytes was dian sternotomy and a 0.5 cm incision was made in the loaded with indo-1-acetoxymethyl (AM) ester which was anterior surface of the parietal pericardium. The pericardial excited at 35065 nm, every 5 ms. The 410 / 490 nm space was gently washed twice with 15 ml of Hank's fluorescence emission ratio was used as an index of balanced salt solution (HBSS, composition in mM: NaCl intracellular calcium [12] . 378C, before starting the experiments. Each PF aliquot was assayed on individual stable myocyte In the first set of experiments, we measured PG content preparations after a control myocyte shortening and calin PF after three sequential interventions: (1) control; (2) cium transient were obtained for comparison. increased preload by volume loading (30 ml / kg saline over 10 min) and afterload by thoracic aortic constriction 2.1.3. Systemic effects of vasoactive agents infused into with linen tape; and (3) after infusion of indomethacin the pericardial space (300 mM) into the pericardial space to inhibit cycloTo determine whether the addition of vasoactive agents oxygenase activity. At each step and after stabilization of to the pericardial space alters cardiovascular function, we the hemodynamic parameters, 10 ml of HBSS (378C) was performed a preliminary study on two acutely instrumented gently instilled into the pericardial space. After 10 min PF dogs in which coronary artery blood flow was more easily was aspirated from the pericardial space and PG content measured than in sheep. The pericardial incision was enlarged (4 cm) to access and dissect the left descending cytochemical techniques [14] [15] [16] were used to characterize coronary artery. When the flow probe was in place, a the colonies of polygonal-shaped PMC (Fig. 4) . Monocatheter was inserted in the pericardial space and the clonal antibodies to cytokeratin 18 (cytoskeletal proteins of margins of the incision were closed. Another flow probe 44 000 daltons (Da) [14] ) which are specific to mesothelial was placed around the left femoral artery. Arterial and cells were used with indirect immunofluorescence staining right atrial pressures and heart rate were monitored as (Sigma) [15] . Monoclonal antibodies to human cytokeratin described above. The protocol consisted of measuring (AE1 and AE3; Signet, Dedham, MA, USA) that recoghemodynamic parameters before and after injection into nizes type I and type II keratins [16] and monoclonal the pericardial space of HBSS (5 ml) alone or HBSS antibodies against a-actin (Sigma) were used with imcontaining nitroglycerin (0.25 mg / ml) or epinephrine munoperoxidase staining. The uptake of DiI-acetylated low (0.05 mg / ml). These different steps were separated by density lipoproteins (LDL; Molecular Probes, Eugene, OR, 20-30 min to allow the hemodynamic variables to return USA; 10 mg / ml) was evaluated by fluorescence microto control values.
scopy as previously described [17] . conditions As we have previously described for endoopened and filled with 20 ml of sterile Dulbecco's phosthelial cells [13] , PG production was measured in the phate-buffered saline (Sigma, St. Louis, MO, USA) with supernatants of PMC in six-well plates. For these experiadded penicillin G (150 U / ml) and streptomycin (150 ments, culture media was removed and the cells were mg / ml). This fluid was recovered and reinjected in the washed three times with HBSS. PG content in the supernapericardial space several times for 2-3 min. In this tant was measured, following a 15 min incubation at 378C fashion, 300 ml of combined cell suspensions were harwith 2 ml of: (1) HBSS (control); (2) arachidonic acid (10 vested. These were centrifuged at 200 g for 10 min. The mM); (3) calcium ionophore A23187 (Sigma) (A23187, 10 pellet was resuspended in complete medium [Medium 199 mM); or (4) A23187 (10 mM) preincubated for 5 min with (Sigma) supplemented with 10% fetal bovine serum indomethacin (30 mM). At the end of the experimental (Sigma), 10% Nu serum IV (Collaborative Research, period, the cells stimulated with A23187 were suspended Bedford, MA, USA), L-glutamine (2 mM) (Gibco, Grand in trypsin / EDTA to assess cell number and viability Island, NY, USA), penicillin G (50 U / ml), streptomycin (trypan blue exclusion). Supernatants were analyzed (50 mg / ml) and fungizone (250 mg / l) (Gibco)], plated [radioimmunoassay and combined gas chromatographyonto Petri culture plates (Falcon) and incubated in 5% mass spectrometry (GC-MS), see Section 2.3.1) for 6-CO , 95% air at 378C. The medium was changed after 1 h keto-PGF (the stable metabolite of prostacyclin, PGI ) 
. Effect of flow and hypoxia
The effect of pulwere transferred to 24-well plates using cloning rings satile shear stress on PMC PG release was studied using (Bellco) and 0.05% trypsin / EDTA treatment (Gibco).
our previously described perfusion system [17] . Briefly, Confluent cells were subcultured using trypsin / EDTA. the perfusion system was designed to provide pulsatile After three or four passages, cells were grown either in flow in identical, independent cartridges (Gelman 25 mm six-well plates for pharmacological experiments or in T-75 air monitoring cassette; Gelman, Ann Arbor, MI, USA; flasks. When PMC were confluent in T-75 flasks, miwith 0.8 mm filters) containing PMC on microcarrier crocarrier beads were added to the medium and flasks were beads. The perfusion rate was initiated and maintained by continuously agitated on a rocker platform (1.5 cycles / using a single multichannel, variable speed roller-head min endocardial endothelial cells were harvested and cultured NaH PO 1.5, Na HPO 0.7, D-glucose 10) was pumped 2 4 2 4
as described previously [9, 10, 13] . from a reservoir through gassing flasks (normoxic: 21% O , 5% CO , 74% N ; or hypoxic: 5% O , 5% CO , 90% These procedures were performed on subconfluent popu-|150 Torr and 40 Torr, respectively, for the normoxic and lations of cells grown on eight-well chamber slides (Nunc, the hypoxic solution. The temperature was maintained at Naperville, IL, USA). Previously described immuno-378C in servo-controlled water baths (220 A, Fisher, Orangeburg, NY, USA). Perfusates were collected, just out in hybridization buffer: [50% formamide, 53SSC, 2.5 distal to the cell cartridges, every 20 min in tubes chilled to Denhart's solution and 1% sodium dodecyl sulfate (SDS)], 28C. In both six-well plate and pulsatile flow experiments 0.2 mg / ml salmon sperm single strand DNA and 1 mM 32 (normoxic and hypoxic conditions) PMC viabilities were EDTA, containing P-labeled cDNA probes complemenconsistently greater than 93%.
tary to sheep ET-1 mRNA (gift from J. Conary and T. Quertermous, Vanderbilt University, Nashville, TN, USA).
Effects of PMC effluent on cardiac myocyte
Endocardial endothelial cell RNA was studied in the same contraction manner, as positive control. Each blot was reprobed with a The superfusing effluents of cultured PMC were colmouse tubulin riboprobe (gift from N.B. Raj, Johns lected and tested as previously described for vascular and Hopkins University, Baltimore, MD, USA) generated with endocardial endothelial cells [9, 10] . Cartridges were filled SP6 RNA polymerase [19] . with PMC on microcarrier beads (2-2.5 ml microcarrier Confluent PMC were incubated for 60 min at 378C with 6 beads5approximately 5-6310 cells) and were continu-2 ml of HBSS in six-well plates. The supernatants were ously superfused (1 ml / min) with HEPES-buffered saline assayed for ET-1 production. PF and plasma (collected in solution at 378C. After collection, effluents were corrected vivo as described above) were assayed for both ET-1 and for temperature and pH, if necessary, infused into the rat ANF content. All samples were extracted through preacticardiac myocyte chamber as described above, and any vated Sep-Pak C columns. Transphor electroblotter unit (Hoefer, San Francisco, CA, than 90% for both radioactive and nonradioactive 6-keto-USA) at 100 V for 2 h. The membranes were incubated for PGF [17] . Dried extracts and nonextracted samples were and 2% sodium azide, and were washed twice with TBS using standard techniques [17] . In PF and a subgroup of containing 0.1% (v / v) Tween-20 and 2% (v / v) NP-40. The supernatants of six-well plate experiments, 6-keto-PGF 1a membranes were incubated with polyclonal antiNOS III and PGE concentrations were determined by combined 2 antibodies (Transduction Laboratories, Lexington, KY, GC-MS, as previously described [18] . Samples were USA [20, 21] bodies, data not shown). After washing the blots in TBS, internal standards (Merck, St. Louis, MO, USA). The 0.4% (w / v) SDS and 4% (v / v) NP-40, they were incubated differences between the amounts of prostanoid added and with secondary antibody (antirabbit IgG, peroxidase conjuthe amounts measured were typically less than 19%, and gate, 1:2000 dilution) for 1 h. The blots were finally the intraassay coefficients of variation for repeated meawashed twice for 30 min in TBS containing 0.4% (w / v) surements of a single sample were less than 20%.
SDS, 4% (v / v) NP-40, and processed using the enhanced Prostanoid production was expressed as pg / million chemiluminescence (ECL) detection system (Amersham), cells / 15 min for the six-well plate experiments, pg / mg as described by the manufacturer. protein / min for the flow experiments and ng / 10 min (production in pericardial space) for the in vivo experiments.
2.4. Statistics
ET-1 synthesis and release, and ANF
Data are presented as mean6standard error of the mean. ET-1 mRNA expression and total cellular RNA were An unpaired Student's t-test was used to compare in vitro measured in cultured PMC using the guanidinium thioeffects of pharmacological stimuli. A two-way analysis of cyanate / phenol / chloroform method previously described variance was used to analyze the effects of flow and [9] . Briefly, RNA (20 mg) was separated by electrohypoxia. Within-group comparisons were made by paired phoresis on 1% agarose gel and transferred to nylon Student's t-test on absolute data. A P,0.05 was considmembrane (Genescreen plus). Hybridization was carried ered significant. 
Results
rabbit mesothelial cells [15, 22] . In addition, PMC never stained for a-actin and showed no detectable uptake of 3.
Mediators in the PF
DiI-acetylated-LDL. Using similar techniques, sheep endocardial endothelial cells did not contain cytokeratin 18 nor Table 1A shows that under basal conditions, PGI AE1 /AE3 but demonstrated uptake of DiI-acetylated-LDL. PF. To assess whether the PG present in the PF were newly synthesized, indomethacin was added to PF. This resulted in an immediate decrease in PGI and PGE 2 2 content in the PF. Fig. 1 shows that, under basal conditions, ANF concentration in PF was fourfold greater than in plasma. Atrial stretch and tachycardia increased ANF concentrations in both plasma and PF, but ANF concentrations in PF remained greater than in plasma. By contrast, ET-1 concentrations in PF did not respond to atrial stretch and tachycardia. PF ET-1 concentration was consistently lower than in plasma during both basal conditions and atrial dilation and tachycardia (Fig. 1). (Fig. 2) Observation of PMC in monolayer culture by phasecontrast light microscopy showed cells with a polygonal shape at confluence and a pavement-like appearance, as 
Morphological and immunological characteristics of PMC in vitro

Fig. 2. Morphology and immunostaining of cultured pericardial mesothelial cells (PMC). (A) Phase-contrast micrograph of PMC monolayer with microcarrier beads on the top; two beads are in the middle of the picture, one has no attached cells (left, freshly added) and the other is full of PMC. PMC showed perinuclear staining of both AE1 /AE3 by immunoperoxidase (B) and cytokeratin 18 by immunofluorescence (C). Endocardial endothelial cells did not contain cytokeratin 18 (D). PMC did not demonstrated any DiI-acetylated-LDL uptake while endocardial endothelial cells did (respectively E and F).
Bars: 50 mm.
PMC release and expression of mediators
time (P,0.001). Hypoxia, however, increased only PGI 2 production (P,0.02) but not PGE production. Through-
2
In six-well plates, PMC showed a substantial increase in out the experiment, the PGI / PGE ratio remained close to 2 2 PG production in response to both arachidonic acid (10 1. These results were confirmed by GC-MS (data not mM) and calcium ionophore A23187 (Table 1B) . PGE shown). 2 production was greater than that of PGI . Indomethacin PMC in culture expressed ET-1 mRNA (Fig. 4 ) and 2 6 inhibited A23187-stimulated PGI and PGE production. released ET-1 at the rate of 66.369.3 pg / 10 cells (n59). 2 2 In contrast to the static experiments, during pulsatile NOS III expression was undetectable in PMC in culture flow conditions the production of PGI and PGE was while it was present in cultured pulmonary artery and 2 2 similar (Fig. 3) . During both normoxia and hypoxia, the endocardial endothelial cells (Fig. 5) . rate of production of both PGI and PGE increased over 2 2 (Fig. 6 , Table 2) In freshly isolated cardiac myocytes, PF rapidly (within 90 s) decreased the amplitude of myocyte shortening, increased diastolic length by 1.860.4 mm and induced an earlier time to peak shortening. These effects were not associated with a decrease in the indo-1 fluorescence ratio amplitude. A reduction in the amplitude of myocyte shortening without a significant decrease in the calcium bound that lasted several minutes after washout. 
Effects of PF and PMC superfusate on cardiac myocyte contraction
Effects of vasoactive agents administered in the pericardial space in vivo
Preliminary results show that HBSS instilled into the pericardial space did not alter hemodynamic parameters. In contrast, administration of nitroglycerin into the pericardial space increased both coronary and femoral blood flow and decreased right atrial pressure with no changes in heart rate and mean arterial pressure (Table 3) . Epinephrine induced an increase in all measured parameters by over 50%. No hemodynamic responses occurred before 1 min. All effects occurred within 2-4 min and lasted 10-15 min. Coronary and femoral arterial flow effects occurred within the same time frame.
Discussion
These data demonstrate (1) the presence of cardiovascularly active substances in the pericardial space, the concentration of which changes in response to changes in cardiovascular status and (2) that PMC release biologically active cardiovascular mediators. the pericardial ''milieu'' PMC superfusate also decreased the amplitude of PF has been described as a passive ultrafiltrate of myocyte shortening and increased diastolic length by plasma. In greyhounds, rabbits and humans, ionic com-0.960.1 mm. The maximal reduction in the amplitude of position of PF and plasma are comparable [23] . PF is myocyte shortening was observed after 3.360.2 min.
enriched by the presence of PG, ANF, ET-1 and growth Twitch relaxation consistently occurred earlier with PMC factors in basal conditions, in human and in dog [3, 4] . We superfusate than with HEPES, with an earlier time to peak confirm these reports and describe a response in PG, ANF shortening. These effects were not associated with signifiand ET-1 concentration in the pericardial space in response cant changes in either systolic or diastolic indo-1 fluoresto physiological stimuli. Changes in preload and afterload cence ratio. PMC superfusate effects were rapidly reversed increased the PGI and PGE content of the pericardial 2 2 by perfusion with HEPES-buffered saline. The reduction in space, an effect inhibited by indomethacin. Additionally, the relative myofilament response to calcium of PMC increased preload with atrial pacing acutely increased the superfusate was similar to that observed with PF. Both of pericardial space content of ANF, but not of ET-1. Finally, these resembled the previously described myofilament we have demonstrated, for the first time, that PF exerts an desensitizing activity of vascular and endocardial endoeffect on isolated cardiac myocyte function similar to that thelial cell superfusate [5, 9, 10] .
previously described for vascular and endocardial endothelial cells [5, 10, 24] . We next determined whether vasoactive mediators placed in the pericardial space could alter systemic cardiovascular function. In a preliminary study to explore this issue, pericardial administration of nitroglycerin and epinephrine induced alterations in both coronary and femoral blood flow, heart rate and mean arterial pressure (Table 2 ). These observations, taken with previously described data [4, 25, 26] , show that vasoactive mediators such as PG, NO and catecholamines in the pericardial space could alter both local and systemic cardiovascular function. technique were morphologically similar to the PMC morSatoh and Prescott who reported no detectable uptake of phology reported by Satoh and Prescott [7] . These cells DiI-acetylated-LDL by bovine PMC at 10 mg / ml [7] . demonstrated cytokeratin 18 and the epithelial keratin These differences may be related to the concentration of AE1 /AE3 labeling that both specifically identifies DiI-acetylated-LDL used and / or to the species studied. mesothelial cells [15, 16, 27] . Our pericardial cells showed Nevertheless, several reports have established that, unlike no detectable uptake of LDL at 10 mg / ml. This result is in cytokeratins, conventional histological and biochemical contrast with the data of Van Hinsbergh et al. who reported criteria such as phase-contrast microscopy, DiI-acetylatedDiI-acetylated-LDL uptake by human PMC at 20 mg / ml LDL uptake, factor VIII-related antigen and angiotensin [15] . Our data however are consistent with the finding of converting enzyme expression are not sufficient to dis- Data are expressed as % change from the value immediately preceeding the administration of the agent. Nitroglycerin and epinephrine were instilled into the pericardial space; n52 animals for each data point.
tinguish among vascular, microvascular endothelial cells weight factor released by vascular and cardiac endothelial and mesothelial cells [15, 16, 27] . Thus, the uniform prescells, which has a similar inhibitory effect on myocardial ence of cytokeratins in cells harvested from the pericardial contraction and was termed ''myocardial desensitizing space by our technique demonstrate that our cells were agent'' [10] . Recently, Pepper et al. reported a similar PMC.
effect in the coronary effluent of isolated hearts [24] . The present results show, for the first time, that PMC in culture 4.3. Mediator release by PMC have an effect on cardiac myocyte contraction similar to that of this ''myocardial desensitizing agent'' and suggest PMC in culture mainly released PGE (Table 1B) .
the presence of this agent in PF in vivo. 2 Under various conditions, including pharmacological We chose to assess the effects of PF / PMC on myocarstimuli and pulsatile flow, the ratio of PGI / PGE prodial function using isolated cardiac myocytes. The use of 2 2 duced by PMC was consistently less than 1. These data are pure single cell preparations (i.e. PMC / cardiac myocytes) compatible with those previously reported with cultured allowed us to study the paracrine interaction between these mesothelial cells and with pieces of parietal pericardium in cells in a carefully defined manner. This would be much which PGI / PGE ratios were usually #1 [28, 29] . In more difficult in multicellular preparations, which contains 2 2 contrast, PGI is the major prostanoid released by vascular several cell types, i.e., cardiac myocytes, microvascular 2 and cardiac endothelial cells and endothelial PGI / PGE and endocardial endothelial cells, and fibroblasts. A further 2 2 ratios are usually greater than 10 [17] . In our study, flow advantage was the ability to correlate changes in cell and acute hypoxia stimulated cultured PMC PGI release contraction with simultaneously measured intracellular 2 whereas PGE release responded only to flow. Thus, PMC calcium concentration in the same cell. Again, this is more 2 released vasoactive prostanoids and this release responded difficult to achieve in multicellular preparations where to pharmacologically and physiologically relevant stimuli.
there may be a considerable heterogeneity in these parameIn vitro, PMC expressed ET-1 mRNA and released ters [32, 33] , except in isosarcometric preparations [34] . In ET-1, but did not express endothelial constitutive NOS interpreting the observed results, however, it should be (NOS III). The rate of ET release by sheep PMC was remembered that different myocardial preparations provide similar to that from rat PMC [30] and sheep cardiac different information. It is well-established that myocyte endothelial cells [9] . Eid et al. have shown that in shortening responses to a wide variety of interventions cocultures, PMC induce a marked increase in carparallel those of force or shortening changes in intact diomyocyte b-myosin heavy chain isoform transcription, a tissue [33, 35] . Thus, it is likely that PF / PMC would also reduction in a-actin expression and a marked alteration of alter peak force. On the other hand, in externally unloaded cardiac myocyte contraction amplitude [8] . No agent myocytes, the effect of external load-dependent factors responsible for these changes was identified. ET is a potent clearly cannot be addressed. In addition, the effects of mitogenic factor and can alter myocyte contractility [31] .
possible changes in ''passive'' cellular elasticity (e.g. These results taken together suggest the possibility that resulting from altered properties of titin or microtubules PMC-derived ET mediates this potentially important [36, 37] ) will be different between unloaded myocytes and modulation of cardiac myocyte function by PMC. isometric preparations (single or multicellular). In unloaded The PMC superfusate increased the resting length of cells, changes in passive properties will manifest as altered adult isolated cardiac myocytes (Fig. 6, Table 2 ) and resistance to shortening and restoring force, whereas in decreased both the amplitude of myocyte shortening and isometric preparations changes will manifest as alterations time to peak shortening. These alterations appeared rapidly in passive stiffness [33] . With respect to the present study, within 90 s, were maximum at about 3 min and were also the most likely mechanism for the observed effects is a rapidly reversible. No significant associated changes in the decrease in myofilament response to calcium. Calciumintracellular calcium transient were noted. Shah et al. have mediated effects were excluded by measurement of calpresented evidence for an unidentified low molecular cium transients. Changes in passive cellular properties are also extremely unlikely because (a) the observed effects myocardium. The myocardium is a major source of PGI 2 were very rapid in onset and rapidly reversible, quite [39] . [33] .
PGI [17] . PGI is the dominate PG found in the pericar- 2 2 By releasing PG, ET-1 and other inotropic agent(s), dial space. Miyazaki et al. found that the ratio of PGI / 2 PMC could alter the function of subjacent myocardium in PGE in dog's PF was around 6:1 under basal conditions 2 a paracrine fashion. These mediators have been shown to and increased to 9:1 after instillation of arachidonic acid. directly alter myocardial myocyte function [5, 10, 17] . AdThe addition of indomethacin inhibited PG release [4] . In ditionally, the diffusion of PG and ET-1 from the pericar-PF, in vivo, we consistently found a greater abundance of dial space to the myocardium could also affect the PGI than of PGE both in basal and stimulated conditions 2 2 myocardial circulation by a direct action on coronary (PGI / PGE ratio approximately 10:1). Because PMC in 2 2 vasculature. Although morphologically different, the vitro produce relatively equal amounts of PGI and PGE 2 2 pericardium, vascular endothelium and endocardial endoand because we consistently found PGI .PGE in the PF, 2 2 thelium release similar cardioactive factors. Thus, the PMC are likely not the sole source of PGI in the 2 pericardium and the myocardial endothelium could act in pericardial space. Thus PGI in the pericardial space could 2 concert to modulate myocardial contractile performance in originate either from the myocardial endothelial cells or a paracrine fashion by releasing these interacting cardioacalternatively from the pericardial microvascular endothelial tive agents.
cells [41] . The cyclooxygenase inhibitor, indomethacin, rapidly inhibited the local production of PG (Table 1 ).
The origin of the contents of the pericardial space
Because PF PGE and PGI content were both decreased, 2 2 indomethacin must have not only acted within the pericarThe presence of active cardiovascular mediators in the dial space but also decreased production from cells other PF raises the question of their origin. We have shown that than the PMC such as cardiac or pericardial microvascular PMC in vitro produce PGI and PGE in relatively equal endothelial cells. In conclusion, these combined data are 2 2 proportions. ET-1 and the ''myocardial desensitizing consistent with a myocardial source of PF PG in addition agent'' are also produced by isolated PMC. Thus, PMC are to those produced by PMC. a potential source of the cardioactive mediators found in A potential source of mediators of cardiovascular functhe pericardial space in vivo. Additionally, physiologically tion in the pericardial space is the circulating blood. relevant stimuli in vitro (perfusion-induced shear stress However, Dusting and Nolan have shown that intravenous and hypoxia) alter PMC mediator production. In vivo, this infusions of PGI at rates achieving supraphysiologic 2 could contribute to the demonstrated changes in pericardial concentrations in the bloodstream were not accompanied space content following changes in myocardial loading and by detectable increases of PGI in the PF [26] . The fact 2 heart rate. that ANF and ET-1 concentrations significantly differ Another potential source of mediators in the pericardial between the PF and plasma is also not consistent with space include the myocardium. We and others have recentpassive diffusion of these mediators into the PF from the ly demonstrated, that PF may reflect the composition of blood. Thus, blood seems an unlikely source of the active cardiac interstitium in normal and diseased hearts in mediators examined here. humans [2, 3] . This is supported by the fact that PF In summary, our data support the notion that the contains molecules up to 40 kDa, including ANF [molecupericardial space may act as a reservoir. Mediators of lar weight (MW) 3 kDa] and FGF-2 (MW 18-25 kDa) that cardiovascular function that are released by PMC or migrate from the myocardium through epicardium into the diffuse from cardiac tissues in the pericardial space could pericardial space and are more concentrated in PF than in be concentrated and subsequently released towards the serum [3] . In this study, we confirm, under basal conmyocardium and / or blood vessels. In addition, PMC may ditions, that ANF concentration in fluid removed from the directly alter cardiac myocyte contractile function. The pericardial space was fivefold greater than in plasma. In relative role of such regulatory pathways relative to addition, we report that volume loading and atrial tachyconventional regulation by neurohumoral factors, loading cardia, both known stimulators of ANF production by conditions and the Frank-Starling mechanism, requires atrial myocytes, increased the release of ANF into the further study. pericardial space as well as increasing the plasma concentration (Fig. 1) . These observations confirm a myocardial source of ANF in the PF and are consistent with
